peak-flow rate LOS rather than the more traditional design storm LOS method. The focus of this chapter is to describe this procedure, and the many innovative steps we used to generate this consistent peak-flow LOS in the main trunks of Columbus' large wastewater collection system (approximately 3000 mi. (4824 km) of separate and combined sewer pipe).
The proposed procedure specifically provides an alternative to the traditional application of one system-wide design storm, where the storm recurrence interval is assumed to be the LOS. That is, this is an alternative to devising and sizing remediation actions using a specific design storm, like the 10-y recurrence interval storm, which implies, by the storm's probability of recurrence, that it would provide a 10-y LOC. In our procedure, we are devising and sizing remediation actions to control the maximum HGL in main trunk sewers up to specified recurring peak flow rates.
The proposed procedure first evaluated flow meter records to determine the peak flow rates at desired recurrence intervals (e.g. 2 y, 5 y, and 10 y peak flow levels -to facilitate a knee-of-the-curve analysis) for each main trunk sewer, using traditional statistical analysis techniques, and making use of the City of Columbus' long record of flow metering. The identified flows at each desired LOC were then used iteratively in Columbus' existing SWMM model to determine the appropriate synthetic (design) storms generating the desired peak flow rates in each main trunk sewer. Innovative procedures to augment flow anomalies in measured flow data such as meter data loss, flow backups, overflows, and capacity limitations were also devised. After defining the correct design storms required to generate the peak flow associated with each LOC for each main trunk sewer, the collection system model was updated to reflect the desired end-of-program year tributary conditions. The main trunk sewers models were then put together into a system-wide collection system model in order to evaluate the complex system-wide operation strategy and the nature of the system-wide alternative solution.
During the alternative analysis, several approaches were considered in addressing the system's hydraulic deficiencies, including express sewers, relief pipes, local storage facilities, and large storage and conveyance tunnels. The recommended system-wide solution for the City of Columbus's collection system was a combination of augmentation relief pipes and two long deep tunnels (in-line storage) which cross and relieve several main trunk sewers.
The developed procedure is a straightforward approach that can easily be adopted for use in other large and complex collection systems similar to the one found in Columbus, Ohio.
Introduction
The Division of Sewerage and Drainage (DOSD) in the Department of Public Utilities (DPU) of the City of Columbus, operates and maintains an extensive sewer system, which serves 22 municipalities, portions of unincorporated Franklin County, and the City of Columbus. The DOSD operates and maintains two wastewater treatment plants (WWTPs), two storm water storage facilities (Whittier Street Storm Tanks (WSST) and the Alum Creek Storm Tanks (ACST)) and many other control structures and devices. The approximate length of sanitary sewers the City operates is 3000 miles (4824 kms) with pipe diameters ranging from 8 in. to 13 ft (203 mm to 4 m).
The City of Columbus is generally served by a separate sanitary collection system except portions of the downtown area, which are served by a combined collection system. The Jackson Pike Wastewater Treatment Plant (JPWWTP) serves mainly the west side of the collection system. This includes the combined collection system basin, the separate collection system basins tributary to the Olentangy Scioto Interceptor Sewer (OSIS), the Scioto Main Trunk Sewer (SCM) basin, and the Upper Scioto West Interceptor Sewer (USWI) basin. The Southerly Wastewater Treatment Plant (SWWTP) serves the east side of the collection system including the Alum Creek Area Trunk Sewer (ACT) basin, the Big Walnut Sanitary Trunk Sewer (BWN) basin, and the Blacklick Creek Main Trunk Sewer (BLC) basin in addition to the Grove City basin from the west side. The Interconnecting Sanitary Trunk Sewer (INT) allows flow from the JPWWTP to be conveyed to the SWWTP for treatment during high wet weather events. Figure 23 .1 is an illustration of the collection system and the facility planning area boundary of the City of Columbus collection system. During large wet weather events, and when both treatment plants are operated at their maximum capacities, a comprehensive operation procedure allows for throttling and/or closing sets of sluice gates at the WSST Control House and along the INT. This operational procedure ensures the maximization of the storage capacity in the collection system before any incidents of bypass at the treatment plants, combined sewer overflow (CSO) at the WSST, or SSO at the City's Designed Sanitary Relief Structures (DSRs) take place. There are two permitted sanitary bypass structures located at the JPWWTP and SWWTP, respectively. Along the combined collection system, there are 32 permitted CSO relief locations consisting of CSO regulators, manhole relief points, the ACST, and the WSST. In addition, there are several DSRs throughout the sanitary collection system. DSRs are designed to provide relief to hydraulically overloaded sewers during wet weather events. These structures were built primarily to reduce elevated hydraulic grade lines (HGLs) that could result in system surcharging and localized flooding during periods of excessive storm runoff. The Ohio Environmental Protection Agency (EPA) SSO consent order required that the City of Columbus evaluate its wet weather related capacity problems by performing a Sewer Evaluation and Capacity Assurance Plan (SECAP) in order to eliminate SSOs up to an undefined acceptable LOS. Many of the wet weather flow SSO incidents were due to capacity limitations in the main collectors and backups from the main trunk sewers. The focus of the SECAP solutions was to provide relief to all main trunk 4 miles sewers in the sanitary collections system in order to eliminate hydraulic deficiencies up to a selected level of protection (or LOC/LOS). Eliminating hydraulic deficiencies in main trunk sewers would lead to the elimination of backups in the collection system and would allow for less hydraulically impaired (hopefully free) discharge from the collectors into the main trunk sewers, hence reducing the risk of SSO incidents from the DSRs located in both collectors and trunks.
The hydraulic deficiency in the City of Columbus collection system was defined as the condition where the HGL in a main trunk sewer exceeds by one foot (305 mm) the pipe's crown elevation. Solutions were developed to provide capacity relief to the main trunk sewers that have deficient hydraulic capacity currently, or will have within the planning horizon (2050). The size and location of the improvements were dependent on the preferred LOC. The collection of the improvements required to relieve deficiencies (called alternatives) for each of three levels of control (2 y, 5 y, and 10 y peak flow recurrence levels) were evaluated to produce a knee-of-the-curve analysis. The WWMP final report included recommendations to remove the surcharging conditions in the main trunk sewers up to the 10 y peak flow recurrence level. More details of the "peak-flow events" LOC evaluations are discussed in the following sections.
Peak-Flow Rate Levels vs. Design Storm LOS
As noted above, one of the main challenges the design team faced was to determine the desired level of service. Determination options included the use of high ranks of design storms, high levels of historical storms, or high levels of historical peak flows. We were well aware of the high sensitivity of models to the hydraulic and hydrologic conditions, such as storm recurrence intervals and durations, antecedent moisture conditions, and rainfall distributions. Federal guidelines do not mandate specifics values on these parameters. The impact these would have had on program costs made determining the level of service the most important question we faced. To address this sensitivity problem, and to ensure a consistent LOC throughout the collection system, the design team investigated a peak-flow events analysis. That is, we sought to improve the surcharge conditions up to a chosen or derived maximum peak-flow rate recurrence level.
The maximum peak-flow rate recurrence level specifically provides an alternative to the traditional application of one system-wide design storm where the storm recurrence interval is assumed to be the LOS. That is, this is an alternative to devising and sizing remediation actions using one systemwide design storm recurrence level, which implies that it would provide the same recurrence HGL LOS in all main trunk sewers and assumes that ancillary factors affecting system performance, such as antecedent moisture content and rainfall distribution, also occur with the same frequency as the rainfall amount.
Peak flow events analysis provides a number of advantages in evaluating the main trunk sewers. First, collection system design is based primarily upon peak flows that have occurred in the system. As a result, understanding the magnitude and recurrence frequency of peak flows leads to a sounder basis for engineering design. We worked directly with the probability of flow rate occurrence rather than assuming that probability of rainfall occurrence can be relied on for accurate estimation of resulting pipe flows.
Secondly, peak flow events provide advantages over storm events because they more effectively account for temporal and spatial variations in rainfall. This is especially true when designing for large tributary areas. The variability of rainfall distributions in larger tributary areas is high. Thus the likelihood of the same recurrence-interval storm occurring over a large area (Columbus is 400 mi 2 or 1034 km 2 ) is highly unlikely. And the likelihood of flow rate values generated in downstream piping when applying a high level design storm over that entire area would also be low. Using such high design storms over the large tributary area will lead to a very conservative design.
Finally, peak flow events more accurately account for the influence of antecedent moisture conditions and all other basin-related hydrologic factors. Analysis by design storms does not account for the well known phenomenon that a higher-level storm occurring during dry soil conditions is likely to produce a much lower peak-flow response in the collection system than under wet conditions. On the other hand, a lower level storm occurring during wet soil conditions will likely produce a higher system response than under dryer soil conditions. Stated simply: the size of a storm event is not necessarily enough information to predict the size of the corresponding flow event. Design storm analyses do not account for this. Rather they assume that the soil conditions remain constant.
The peak flow events analysis modulates only one parameter, rainfall amount, for each model input. Its goal is to match statistically predetermined peak flow values at specific nodes along the main trunk sewers. Once the rainfall amount is determined for all input nodes, the model is ready for use in evaluating competing system strategies to eliminate or mitigate system deficiencies.
Methodology
The use of the peak-flow recurrence level evaluation re-defined the objective of the SECAP solution for the City of Columbus. Instead of using a specific system wide recurrence-interval design storm, we determined the size and distribution of storms required to produce specified statistically-determined peak flow rates. The iterative procedure required to determine solutions for the elimination of hydraulic deficiencies thereafter was consistent between the two methods: i.e. add specific technologies to eliminate the hydraulic deficiencies for the specific LOC, regardless of the basis of that LOC (a rainfall recurrence interval or that of a peak flow recurrence). Hydraulic deficiency in the main trunk sewers was defined as having the HGL one foot or more (305 mm) above the pipes' crown elevation resulting from the specified peak flow recurrence level.
The methodology, therefore, began with evaluating and analyzing the available flow metering data supplied from the City of Columbus flow metering program. The objective was to determine appropriate peak flow rates at specific locations in the system with the desired recurrence intervals. Restated, we started by determining the desired LOC required at specific locations in the system. At the time, there were eight years of flow data available from the city-owned flow meters. In general, one to three flow meters are positioned along the length of each main trunk sewer. Corrections to the flow data were implemented to accommodate meter malfunction and backup events if experienced. More details on correcting the flow meter records are discussed in Section 23.3.1.
As dictated by standard statistical analysis techniques, the highest eight peak-flow values in each meter were then used to build a peak-flow recurrence curve to determine the 2 y, 5 y, and 10 y peak-flow rates in each main trunk sewer. The Gumbel statistical distribution (Maidment, 1992) was then used to predict the different peak-flow recurrence levels. Additional discussion on this derivation is presented in Section 23.3.2.
After defining the peak flow rate in each main trunk sewer, corresponding to the desired LOC, the City of Columbus SWMM model was then prepared for use in determining the various mitigation technologies for final recommendations. We did this by synthetic determining of the 6 h design storms in each main trunk sewer basin which generates the desired peak flow rate at the main trunk sewer's flow meter location. Different storm sizes were used over the different basins to achieve the desired peak flow recurrence interval. The generation of the pre-defined peak flow using synthetic 6 h design storms, and the integration of the system into one system-wide hydraulic model, are described in Section 23.3.3.
Once the required storms were determined to produce the desired peak flow rates in the SWMM model, several solution technologies were then evaluated (located, arranged and optimized) using the SWMM model in order to provide the needed improvements to keep the HGL within the maximum 1 ft (305 mm) above the pipes' crown elevation in each main trunk sewer throughout the collection system. The group of best solutions technically and economically was then recommended in the WWMP.
Evaluating and Correcting Flow Meter Data
Accurately characterizing the flow events requires accurate, consistent, longterm flow metering data. At the time of this study (2004), the City of Columbus had been metering flow in most of the main trunks sewers for approximately eight years. This amount of data made the approximate peak flow event analysis possible for the WWMP, though the reliability of the statistical analysis improves significantly with larger data sets. Data from a total of 54 long term flow metering locations were available along the main trunks of the collection system. Fifteen meters are located in the combined system and 39 are located in the separate collection system. Some main trunks have one flow meter (e.g. Clinton #3 Trunk Sewer and Clintonville Main Trunk Sewer). Other trunks had up to three flow meters (Alum Creek Area Trunk Sewer and Big Run Sanitary Trunk Sewer). One flow meter is selected in each main trunk sewer for analyzing peak flow recurrences in the trunk sewer. A listing of the flow meters used in the analysis and the associated main trunk sewers is reported in Table 23 .1.
The flow meters used in the analysis were selected based on the following criteria:
1. measured flows are relatively unaffected by the influences of upstream overflow losses, and 2. measured flows are unaffected by downstream backwater conditions. These criteria were important because upstream overflows and downstream backwater conditions reduce peak flows from what they would have been otherwise. It is important that the flow meter data be relatively free from these effects for an accurate assessment of true peak flows. Since the accuracy in predicting the recurrence level of the high peak flow events depends mainly on the consistency of historical flow data records, it is critically important not to miss one of the highest eight peak flow events in the eight years of the City's data records. The recorded rain values and the flow response were carefully compared, revealing cases of flow meter malfunction during large storm events, e.g. no flow was reported or the flow response was not representative of the strength of the rain event. Examples of these conditions are illustrated in Figure In addition, it was observed that some flow meter records exhibited flow reduction due to one or all of the following hydraulic conditions:
1. overflows at upstream DSRs resulting in peak flow shaving, 2. capacity limitations (bottlenecking) in upstream pipes allowing a maximum flow to be sensed at the downstream flow meter, 3. backwater conditions from downstream main trunk sewers resulting in storage in the main trunk sewers and peak flow shaving. One or all of these conditions could be experienced in the main trunk sewers. Table 23 .2 summarizes the conditions at each flow meter evaluated in this analysis. An example of each of these conditions is shown in Figure 23 .4 for the Clintonville Main Trunk Sewer. The example illustrates the HGL for the trunk sewer using the calibrated SWMM model during the large (2-5 y) historical rain event that occurred on December 15, 2000. At the downstream segment of the trunk sewer, capacity limitations allow only a maximum peak flow close to the pipe capacity to be detected by the flow meter (CV1). In addition, and due to surcharge conditions in the trunk sewer, a number of DSRs activated and sanitary flow was lost from the system. 
Clintonville Main Trunk

Capacity limitations
Overflow Losses A typical flow hydrograph at the flow meter CV1 in large events is shown in Figure 23 .5. The pipe capacity is about 15.5 MGD (678 L/s). When the wet weather flow in the pipe exceeds the pipe capacity, the pipe upstream from the meter location surcharges and the flow at the meter maxes at ~17.5 MGD (765 L/s). If the flow in the pipe is more than 17.5 MGD, the pipe will continue surcharging until the excess flow leaves the system at one of the upstream DSRs. The highest recorded eight peak flow events during the evaluated eight years of recorded flow data are presented in Table 23 .3. Figure 23.6 Examples of WMSI calibration results using medium and small wet weather events during which neither upstream nor downstream influences (SSO, capacity limitations, or backup conditions) were experienced at the flow meter
The WMSI model was calibrated using rainfall and flow meter data for the period of record available (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) at the time of the study. During the calibration process, only medium and small events which did not experience losses, backups, or pipe capacity limitations were used. The calibration activity sought to match the peaks and volumes for all of the wet weather events except the ones with questionable data. Examples of the calibration results for flow meter CV1 are shown in Figure 23 .6.
After calibration was complete, the model was used to regenerate the flow hydrograph during the questionable events to estimate what these events would have been if the flow meters had not been out of service or subjected to upstream or downstream influences. Examples of regenerated flow peaks are shown in Figure 23 .7. Using the corrected data, the highest eight peak flow events over the studied eight years of recorded data were regenerated. Example results at flow meter CV1 are shown in Table 23 .4. A few conclusions can be reached by comparing Table 23.3 and Table  23 .4. First, it is possible that the true peak flow that should occur during large storm events could almost be double the recorded peak flow. The capacity limitation and the flow lost from the DSRs shave the peak flow up to approximately 50% in some cases. Secondly, at some storm events where the flow meter was malfunctioning, these storms, once adjusted for malfunctions, turn out to have higher peak flows than other recorded peak flows. Ignoring these events would have led to wrong estimations of the peak flow recurrence levels. 
Build Flow Recurrence Curves for each Meter
A variety of statistical techniques and distributions are used in the field of hydrology to estimate the return period of certain hydrology/hydraulic incidents. The return period of a peak flow incident is an indication of the LOS this peak flow introduces. For example, a 5 y return period of a peak flow value would mean that, on average, this peak flow value would be exceeded once every 5 y. In this study, the Gumbel distribution (Maidment, 1992 ) was used to determine the peak flow return period (recurrence frequencies) using the corrected peak flow data. The Gumbel distribution is frequently used in the field of hydrology to estimate the recurrence frequency of flooding events and was found to be well-suited to estimating flow recurrence frequencies for the City of Columbus flow meters. The Gumbel distribution calculates flow return periods using the equation:
In this equation, Q T is the flow with a return period of T-years, µ is the mean of the peak flow events, K is the frequency factor which is a function of T, and σ is the standard deviation of the peak flow events. The frequency factor K is dependent upon the return period (T) and is calculated using the following equation (Maidment, 1992, Chapter 18) :
The largest eight peak flow events from the eight years of flow meter records were identified for each flow meter used in this evaluation. The dry weather flow was first subtracted and the Gumbel statistical distribution technique was applied to the eight I/I peak flow rates. The means and standard deviations were calculated for each flow meter record. A flow return period plot was then generated for each flow meter. The 2 y, 5 y, and 10 y peak flows were interpolated from the statistical distribution. Figure  23 .8 represents an example of the generated flow return period curve for flow meter CV1. The peak flows corresponding to the 2 y, 5 y, and 10 y LOS at each flow meter evaluated in this analysis are tabulated in Table 23 .5. 
Consolidated Model with Same Peak Flow Rate LOS in each Segment
So, then, in our methodology, the tradition of finding a design storm that produces the same level of recurrence response throughout the collection system was replaced by generating the same peak flow recurrence level throughout the collection system. In order to generate a specific peak flow rate in each main trunk sewer, rainfall data for each sewershed in the SWMM model was modulated in order to calculate what design storm would be needed over each main trunk sewer to produce the defined peak flow LOC. It should be noted that the recurrence frequency analysis defines the expected peak flow rate at each level of recurrence, but does not mandate specifics of the hydrographs associated with the peak flow. However, since peak flows (not volume) are the primary design consideration for these sewers, the shape of the hydrograph is not a major concern.
extracted portion was set to be maxed at one foot above the crown of the pipe. Although many of these main trunk sewers currently experience backups during wet weather events, it should be noted that the downstream receiving sewers are also subject to the same WWMP improvements where maximum surcharge in all trunk sewers would be one foot above the pipes' crown elevation. Proposed improvements therefore should be able to provide the same flow rate LOC in all main trunk sewers; and the water depth in the downstream receiving sewer should not be more than one foot above the crown of the pipe. In developing the model(s) with a consistent LOC, cases of surcharge conditions inside the main trunks took place due to capacity limitations within the reach. In those instances, modeling provisions were made to upsize or augment the pipe with the deficient capacity limitation to preserve consistent flows within the reach. This was deemed acceptable because the eventual proposed improvements to these capacity limitation pipes would include additional relief connections along the main trunk sewers and/or upsizing and other augmentations for deficient segments.
System Evaluation and Recommended Solution
After defining the artificial design storms associated with the peak flow recurrence level in each main trunk sewer basin, the collection system was then evaluated as one hydraulically connected model. This allowed for implementing and evaluating system-wide operational strategies and allowed for proposing system-wide solutions. That is, evaluating the various possible technologies grouped in various ways as specific system strategies. Main trunk sewers which did not have a flow meter to establish peak flow recurrence values for the levels of service were assigned hyetographs used by other nearby metered areas of similar sewer age, land use (residential, commercial, etc.) . The collection system model was then updated for the future development conditions of the year 2050 in order to accommodate future growth in the tributary area and population. The model results for the main trunk sewers were reviewed for hydraulic deficiencies. The analysis found that many of the trunk sewers had hydraulic deficiencies for each of the LOC evaluated (2-, 5-, and 10-y). During the alternative analysis, several technologies were considered to solve the system's hydraulic deficiencies. Technologies included in the evaluation were express sewers, relief pipes, local storage facilities, and large storage and conveyance tunnels.
The final WWMP improvement recommendations to eliminate hydraulic deficiencies in the main trunk sewers within the separate flow collection system included two large 14-ft (4.27 m) tunnels; the Alum Creek Relief Tunnel (ART) and the Olentangy Relief Tunnel (ORT). Both tunnels run north-south and have several relief connections to the existing deficient segments of the main trunk sewers. The implementation schedule for the WWMP improvements was proposed to be about a 40 y schedule. Figure 23.9 presents the WWMP improvements and the effect of the improvements on the surcharge conditions. Most of the surcharged main trunk sewers with HGL more than one foot above the trunks' crown elevation (shown with darker lines in Figure 23 .1) are relieved. Those that were not relieved (HGL reduced to within one foot of pipe crown) were allowed to surcharge because they were designed for storage and/or surcharged conditions. These segments are located within the following main trunks: INT, BWO, Alum Creek Intercepting Sewer (the Deshler Tunnel), the new Big Walnut Augmentation/Rickenbacker Interceptor (BWARI), OSIS (combined flow segment), and the SCM. These pipes are shown in dark color in Figure 23 .9.
Conclusions
A methodology to apply peak flow LOC over a large collection system is proposed in this chapter. The traditional practice of using one design storm LOS over a large collection system to generate one level of protection for all the segments of the large collection system is replaced with a more accurate prediction of peak flow recurrence levels. In our approach, we are also proposing the use of synthetic design storm levels over each individual main trunk sewer of the collection system to maintain a system-wide consistent peak-flow LOC. Generating a "peak flow events" LOC relaxes the need to have a high level of calibration activity to the hydraulic model. This is due to the fact that the peak flow LOC will be pre-defined from the flow meter data for each trunk sewer.
The developed procedure provides an approach for evaluating and planning alternative solutions for large and complex collection systems while maintaining a consistent peak-flow LOC throughout the collection system, and overcoming capacity issues, backups, and limited flow meter records. This straightforward approach can be applied to other large and complex collection systems similar to the one found in Columbus Ohio.
